The most well-known long-term fi eld experiments in the world are those at the Rothamsted Experiment Station in the UK. The Broadbalk Experiment, initiated in 1843, is now more than 165 yr old. Several long-term experiments also continue in the United States. Two of the most famous are the Morrow Plots in Illinois and Sanborn Field in Missouri. Some scientists and administrators have repeatedly questioned the reasons for continuing these experiments. The basic questions remain the same, whether the year is 1895 when Lawes and Gilbert responded to a challenge about the value of their long-term experiments, or whether it is 2012 and modern-day administrators are seeking ways to decrease costs. The questions are: "Are these experiments worth the cost?" and "Are we still learning something from them?" These questions are raised more frequently as research budgets become more tenuous. So, why write another paper regarding the value of long-term fi eld research? Do costly long-term fi eld experiments have any value relative to what some would label "cutting edge" research? Our objective is to use the history and scientifi c contributions of a more recently established (1970) long-term soil management experiment at the University of Nebraska High Plains Agricultural Laboratory to provide modern evidence that maintaining existing long-term fi eld experiments, and initiating new ones, remains a valuable and critical investment. We show how an experiment conceived to study one objective has impacted numerous other pertinent issues during the last 40 yr. We argue that scientists and administrators should be protecting existing long-term fi eld experiments and establishing new ones to address current research issues.
Abbreviations: HPAL, High Plains Agricultural Laboratory; POM, particulate organic matter.
experiments?" Administrators raise these questions more frequently as research budgets become more diffi cult to maintain.
In 1989, Dr. J.R. Brown organized a symposium on long-term fi eld research at the ASA-CSSA-SSSA meetings where the theme was "Charting Our Future, " which was a good fi t for a review of the value of long-term fi eld research. Th e papers from the symposium were published in Volume 83 of the Agronomy Journal (Brown, 1991a) , and the consensus was that long-term experiments were essential for determining the sustainability of certain agricultural practices. Changes in soil systems do not usually occur quickly, and long-term fi eld experiments make it possible to see the eff ect of the "time parameter" associated with soil management practices. Th e "time parameter" has been the most convincing argument for maintenance of the existing long-term experiments. Participants in the symposium also provided suggestions for how to best plan and manage new long-term experiments.
So, why write another paper regarding the value of long-term fi eld research? What other lessons can be learned? Do costly longterm fi eld experiments have high value relative to what some people would label "cutting edge" research? Our objective was to use the history and scientifi c contributions of a more recently established (1970) long-term soil management experiment at the High Plains Agricultural Laboratory (HPAL) in western Nebraska to provide additional evidence that maintaining existing long-term fi eld experiments, and furthermore initiating new ones, remains a valuable and critical investment, even though the annual results are not headline material. We show how an experiment conceived to study one objective has been used to study other pertinent issues during the last 40 yr. We also assess the value of this particular long-term experiment in view of the essential features pointed out by Brown (1991b) in his summary of the 1989 symposium on long-term fi eld research. Th ose are:
1. Several disciplines must be involved. 2. Communication is essential among those who carry out long-term experiments. 3. A minimum set of measurements are needed so modelers can utilize data. Th is set of data should include: (i) weather records; (ii) management activities; (iii) soil parameters; (iv) unusual events; and (v) crop measurements.
HIGH PLAINS AGRICULTURAL LABORATORY LONG-TERM EXPERIMENT

Reasons for Initiating and Objectives
Th e primary intention of the designers of the experiment, G.A. Peterson and C.R. Fenster, was to more precisely determine the fate of the N "lost" when grassland soils are brought under cultivation. Th ese historic total N losses were well documented by Russel (1929) , Burd and Martin (1931) , Hide and Metzger (1939) , Jenny (1933) , Salter and Green (1933) , and Haas et al. (1957) . In 1933, Jenny proposed that aft er 50 yr of cultivation, the total soil N content would reach a steady state; our experiment could test this hypothesis because no fertilizer N has ever been applied. Myers et al. (1943) and Haas et al. (1957) , summarizing data from several experiments in Kansas that had been in wheat (Triticum aestivum L.)-fallow cultivation for 30 to 35 yr, concluded that total soil N did come to a steady state aft er 30 yr of cultivation. Salter and Green (1933) , however, proposed that the total soil N content decreased exponentially and would never reach a steady state.
Th e data on which these hypotheses and conclusions were based were collected from a wide range of experiments, few of which contained a tillage method variable. Furthermore, the great majority of these experiments had no data regarding N losses that occurred in the fi rst 10 to 15 yr aft er cultivation was initiated. None of the studies provided a N budget to indicate where the "lost N" was going. Peterson and Vetter (1971) had hypothesized that N losses in wheat-fallow systems could have occurred as a result of (i) erosion, (ii) deep leaching, (iii) crop removal, and (iv) denitrifi cation. Th ey estimated, based on yield estimates, that crop removal could only account for about 25% of the N loss. Based on visual comparisons of cultivated sites and native sites of the same soil series, they estimated that soil erosion could account for about 50% of the loss. Th ese calculations left about 25% of the N loss unaccounted for. Th e bottom line was that changes in soil N due to cultivation had usually been studied in experimental situations that were not designed to specifi cally measure changes in total soil N content. Soil N changes during the initial years aft er cultivation began had not been thoroughly evaluated, only estimated. In addition, the advent of reduced tillage and no-till systems added a new dimension to soil N dynamics that was not well documented in the literature. Th erefore, the experiment at HPAL was designed to: (i) determine the diff erential eff ects of tillage systems on total soil N loss patterns in the initial years of cultivation aft er sod breaking; (ii) construct a N budget that would account for total soil N gains and losses in a wheat-fallow cropping system; and (iii) determine the eff ects of tillage systems on the amounts of various soil N fractions.
Description of the Experiment
Th e experiment was established at HPAL near Sidney, NE, in 1970 on a Duroc loam (a fi ne-silty, mixed, superactive, mesic Pachic Haplustoll). Because of the wheat-fallow rotation, two experiments, West (W) and East (E), were started in 1970. Th e native sod (mixed native prairie) at the site was initially moldboard plowed in 1970. Th ree tillage system treatments were imposed: no-till, stubble mulch, and moldboard plow (bare fallow). A sod control treatment (remaining a mixed native prairie) was maintained in each replication of the experiments. Th e sod control has been left unharvested each year, but a burn has been conducted at 5-yr intervals since 1995. Th e experimental design is a randomized complete block with three replications. Th e dimensions of each experimental unit, including the sod control, are 8.5 by 73 m. Details of the tillage and weed control procedures were reported by Fenster and Peterson (1979) , Lamb et al. (1985) , and Lyon et al. (1998) . Aft er the initial sod breaking in 1970 with a moldboard plow, the treatments have resulted in a wide range of soil disturbance, from essentially none with the no-till treatment to extreme in the case of the moldboard plow treatment.
Soils have been sampled in each treatment and replication, including the native sod treatment, in the spring of most fallow years and retained for future analysis for total N, NO 3 − -N, and total organic C. Samples have been air dried and stored until analysis. Soil bulk density measurements were made, frequently with a Viehmeyer-King tube, at the same time that the soil samples were obtained, allowing expression of the results of all analyses on a weight basis. All soil samples are archived in a dry state for any new analyses in future years. Wheat yield and the total N content of the grain have been measured in odd-numbered years from the W experiment and in even-numbered years from the E experiment.
RESEARCH OUTCOMES
Initial Impacts
Th e fi rst 8 yr aft er establishment of the experiment produced no published results, as is usually the case for fi eld experiments that are designed to view long-term changes in soil properties. Th e fi rst publication of results from the experiment was a bulletin by Fenster and Peterson (1979) that described the yield, soil water storage, and fallow effi ciency results from the initial years of the experiment. Although the research was published in a Nebraska Agricultural Experiment Station research bulletin and not in a refereed journal, the article has been cited more than 40 times. Th e second publication, Lamb et al. (1985) , addressed the N budget issues that were the stimulus for establishing the experiment. It has come to be regarded as a landmark study (cited 89 times, Table 1 ) that has clearly shown how increased tillage stimulates soil N loss. Th e researchers also were able to create a relatively precise N budget showing the fate of the "lost" N. Th ey established that a wheat-fallow cropping system in a semiarid climate had substantial NO 3 leaching losses. For example, in the plowed system, approximately 35% of the N lost from the surface soil could be accounted for by NO 3 leaching below the wheat root zone, while NO 3 leaching losses in the no-till system were half those from the plowed system. Th e lesser NO 3 leaching in the no-till treatment relative to the plow treatment was attributed to less annual N mineralization under no-till because, with no soil mixing due to tillage, the soil organic matter was less subject to microbial decomposition. Other interesting features of the N budget were described by Lamb et al. (1985) .
Since 1985 there have been more than 45 refereed journal papers published based on data from the HPAL experiment. Th e majority of these studies were based on the tillage (soil disturbance) gradient that exists in the experiment: everything from the native sod treatment to maximum disturbance with the plow system and the intermediate soil disturbance levels created by the mulch tillage and no-till treatments. Th ese studies have covered subjects such as soil N, soil C, soil S, soil microbiology, soil quality, soil physical properties, greenhouse gas emissions, and crop and soil management practices. In addition, there have been 11 book chapters, 15 proceedings papers, and six theses published based on data from this site. Below we illustrate the impact of the refereed publications on the soil science and agronomy disciplines using data reported by the Web of Science (Th ompson Reuters, New York).
Soil Nitrogen-and Sulfur-Related Impacts
Th e long-term tillage experiment at HPAL has yielded signifi cant results regarding the fate of the N mineralized when native prairie is plowed. Seven refereed journal articles specifi cally about N changes have been published using data from the experiment (Table 1) . Th e most cited (89 citations) N study, Lamb et al. (1985) , reported the specifi cs of the N budget discussed above. Th is study is unique in that it provides a relatively precise look at the soil N budget in the early years aft er tillage was initiated and it clearly shows how the degree of tillage greatly alters total N loss from the system. Sulfur, a nutrient closely related to N, has also been investigated in this experiment. Th e impact of degree of tillage on S mineralization was studied by Tracy et al. (1990) and the study has been cited more than 40 times.
Another manner in which the experiment has impacted research is via book chapters and special publications especially related to the soil N supply capacity. Five of the 11 book chapters (Table 2) relating to soil N supply, cycling, and plant nutrition relied heavily on the database from the HPAL long-term experiment; these fi ve chapters been cited a total of 192 times since 1984. 
Soil Carbon-Related Impacts
Th e HPAL long-term experiment has had particular impact in regard to research questions about soil C dynamics, questions that were not considered when the experiment was planned. Th ree benchmark studies were done by Cambardella and Elliott (1992 , 1993 , 1994 regarding particulate organic matter (POM) and C and N distribution in aggregates. Because the experimental design included the native sod treatment as well as a gradient of increasing tillage disturbance, Cambardella and Elliott were able to clearly document the changes in aggregate distribution and the associated changes in C and N within these aggregates. Th e impact of their studies is attested to by the large number of citations of their studies; their fi rst study regarding POM had been cited 581 times at the time of this writing, and their three studies in total have been cited more than 1000 times since they were published (Table 3) . It is also interesting to note that citation numbers per year are continuing to increase almost 20 yr aft er publication (Fig. 1A) . Th eir fi ndings have been a valuable contribution to our understanding of soil C and soil aggregation, which could not have been made without access to the HPAL long-term experiment with its tillage gradient feature. Paul et al. (1997) used the HPAL long-term experiment as a part of their database for determining soil organic matter pool sizes and dynamics using radiocarbon dating. Fift een years aft er publication, this study is averaging more than 15 citations per year, and in total it has been cited 157 times, indicating an excellent impact.
Soil Microbiology, Greenhouse Gas Emissions, and Soil Quality Related Impacts
Th e HPAL long-term experiment has provided a part of the data set for numerous studies related to microbial activity as aff ected by the degree of tillage (Table 4) . Several of these studies have citation numbers in excess of 100, and Doran (1980) has been cited more than 500 times. Th is study continues to be liberally cited even 30 yr aft er publication (Fig. 1C) . Th ese impactful studies derived a signifi cant part of their fi ndings from the HPAL site. Frey et al. (1999) studied bacterial and fungal abundance as affected by the degree of tillage disturbance, and a signifi cant portion of their data also was collected from soil sampled at the HPAL site; their study has been cited more than 160 times to date (Table 4) . Kessavalou et al. (1998a Kessavalou et al. ( , 1998b ) measured greenhouse gas emissions at the HPAL site, which resulted in two impactful studies that have been cited a total of 135 times (Table 4) . Th ey were able to take advantage of the native sod treatment that remains as a part of the experimental design, giving them a unique opportunity to relate tillage degree and a natural system to greenhouse gas emissions. 
Soil Physical Property Related Impacts
Soil physical properties, especially in relationship to soil aggregate stability, have been studied extensively using the tillage gradient feature of the HPAL long-term experiment (Table 5) . Of particular impact is the benchmark study of Elliott (1986) , which has been cited more than 590 times at this writing. Figure  1B illustrates the annual citation record for this study. It is noteworthy that the annual citation rate has been more frequent in the most recent 5-yr period than in the earlier years. Once again, the long-term nature of the HPAL experiment provided the basis for this very signifi cant contribution to our understanding of soil aggregate structure in relation to N and C. Elliott (1986) was followed up by additional soil aggregate work (Six et al., 1998 (Six et al., , 2000a (Six et al., , 2000b (Six et al., , 2000c . Six et al. (1998) showed that diff erences in soil aggregate turnover are highly related to tillage intensity and its eff ect on fi ne POM material; it has been cited 539 times to date. Six et al. (2000a Six et al. ( , 2000b Six et al. ( , 2000c focused on soil structure stability, relying heavily on the HPAL long-term experiment; in total they have been cited 612 times. Six et al. (2000b) developed a conceptual model that links the turnover of aggregates to soil organic matter dynamics in no-till and conventional-tillage systems. It has been cited 320 times, indicating the high value that other scientists have placed on it (annual citation rate shown in Fig. 1D ). It is clearly evident that much of our understanding of soil aggregate stability and formation and their relationship to soil C fractions has been derived from the HPAL long-term experiment. It is worth repeating that this area of study was not foreseen at the time the experiment was established, but without this experiment, our understanding of this important topic might have been delayed many years.
Other researchers (Table 5 ) have also used the HPAL experiment to deepen our understanding of tillage eff ects on soil physical properties. Of particular note is the study of Mielke et al. (1986) (cited 70 times) , who demonstrated that soils managed with no-till had more water-fi lled pore space and hence were more favorable for anaerobic microbial activity.
Crop and Soil Management Practices Impact
Th ere have been 10 refereed papers published since 1977 that relate to management practices, some of which rely entirely on data from the HPAL experiment and some for which the data from the experiment are part of a larger data set (Table 6) . Th e most highly cited management-related study is that of Follett and Peterson (1988) , who reported that the adoption of no-till, compared with stubble-mulch or plow tillage, maintains the fertility status of the topsoil nearer to that of native prairie soil. Other management studies have reported results related to water storage, residue management, and the eff ects of residue management on plant growth.
Impact Summary
Th e long-term experiment at HPAL has been used eff ectively by scientists from numerous institutions and agencies to study the eff ects of the degree of tillage on soil properties. Th e fact that a native sod treatment was a part of the original design has added an additional benefi t for many of the investigations. More than 55 scientists have been involved in the authorship of refereed journal papers that relate to this experiment. Quite obviously, it has been a useful tool that has gone well beyond anything for which the originators had planned.
One of our aims here was to assess the value of this particular long-term experiment in view of the essential features pointed out by Brown (1991b) .
1. Several disciplines must be involved. Most of the scientists involved with the HPAL experiment have been soil scientists, but their specialties have ranged from soil fertility to soil microbiology to soil ecology to soil physics. 2. Communication is essential among those who carry out long-term experiments. In the establishment stage and during the fi rst 10 yr of the experiment, communication was primarily among the two originators and their technicians and graduate students. Th e most diffi cult communication issues began to arise when scientists from other institutions wanted to sample soils from various treatments. No policy had been set regarding the authorship of manuscripts that derived either all or a portion of their data from the experiment. In later years, the person in charge of the experiment would negotiate authorship credit. Th is is an important communication issue, and we recommend that a policy regarding the individual and institutional credit be in place from the outset. Our problem was that we totally underestimated the interest the experiment would generate from other scientists. 3. A minimum set of measurements are needed so modelers can utilize data. Th is set of data should include: (i) weather records; (ii) management activities; (iii) soil parameters; (iv) unusual events; and (v) crop measurements. All of the points regarding the minimum set of measurements have been adhered to during the life of the experiment. With regard to measuring soil parameters, it has proven critical that a specifi c protocol for soil bulk density be planned and adhered to. Th is became obvious as we attempted to do nutrient budget calculations.
Th e most diffi cult item to deal with has been keeping a good record of annual management activities. Scientifi c leadership for the HPAL experiment has changed three times during its life. In addition, three diff erent technicians have been responsible for the day-to-day operations. At each leadership change juncture, or when a new technician was hired, there have been some issues regarding how our management activity record is kept and its level of detail. Fortunately, there has been no serious loss of information even though numerous personnel changes have occurred.
A small advisory committee, consisting of three or four faculty and staff members familiar with the experiment, can be a useful mechanism for managing leadership transitions for longterm experiments. Th is small group of people can help manage the plots during times of transition, including the education of new experiment leaders. Annual meetings can keep everyone on the committee up-to-date with the previous year's activities. Face-to-face meetings are the best venue, but conference calls or video conferences are adequate substitutes. In any case, complete meeting notes are essential. Committee members do not need to be from the same institution. Th e important qualifi cation for committee involvement is familiarity with the experiment.
FUTURE
What does the future hold for the HPAL long-term tillage experiment? Should it be maintained? Can it be maintained? In answer to the second question, it would appear from the data that we have presented here that it has the potential to continue to have major impacts on soil science; of course the past is not always a good predictor of the future. Th e third question is more diffi cult to answer, especially in an era of shrinking research budgets. Land grant university budgets across the United States are facing pressure politically at both the federal and state levels. It is highly likely that scientists in charge of the HPAL experiment and other long-term fi eld experiments will be continually challenged to prove that there is value in retaining them. Th e challenge from administrators will be whether these fi eld sites are producing cutting-edge fi ndings that in turn result in new grant funds for the institution. Th e publication data shown here should assist scientists in making a strong case for retention. Th e argument points would be: (i) the HPAL experiment and other long-term experiments in the United States and across the world have a national and international impact on soil science and cropping systems research; (ii) it has brought national recognition to the University of Nebraska-Lincoln and especially to its Panhandle Research and Extension Center; and (iii) several graduate students have been able to research interesting questions because they have had the HPAL site available to them.
Scientists should be planning new long-term experiments to address current research issues. Th ere are many unknown impacts related to changes in soil and crop management, and their eff ects can only be quantifi ed with well-designed long-term fi eld experiments. Long-term experiments also provide excellent databases for testing models, especially if the experiment involves crop productivity. When planning new experiments, particular attention needs to be given to the size of the individual experimental unit. Specifi cally, they should be as large as is feasible based on soil variability constraints and equipment parameters. It is highly likely that the scientists managing the experiment in future years will want to subdivide the experimental units to investigate another level of detail that was not originally considered.
In 2010, 40 yr aft er establishment of the HPAL experiment, D.J. Lyon altered the experimental design following consultation with the originators. Th e purpose of the new design is to investigate the eff ects of intermittent tillage on soil quality parameters and wheat yield. In the new design, the experimental units measuring 8.5 by 45.5 m were split in half lengthwise. One-half of each former experimental unit was moldboard plowed in the spring of the fallow year and the other half was managed without any tillage. All experimental units will be managed without any tillage for the subsequent 6 yr, at which time the moldboard plow treatments will again receive tillage. Soil sampling will be done every 6 yr before the fi rst tillage operation. Th is change in design was only possible because the original experiments had been designed with large experimental units that allowed for the new design.
SUMMARY
As with most long-term experiments, the HPAL experiment generated little information in its fi rst 10 yr of existence, with only one research station publication. Th e fi rst refereed journal publication regarding N budgets was published in 1985, and this study met the primary objective for establishing the experiment.
One might ask, "What would soil science have lost if the investigators had decided to terminate the experiment that year?" Th e citation data presented here illustrate the knowledge losses that would have occurred without the experiment. Specifi c examples of losses that would have occurred are the classic studies by Elliott (1986) and Cambardella and Elliott (1992 , 1993 , 1994 (Tables 3 and 5 ) and more recently the impactful study of Six et al. (1998) (Table 5) .
Th ere are many unknown impacts related to changes in soil and crop management, and their eff ects can only be quantifi ed with well-designed long-term fi eld experiments. Scientists and administrators should be protecting existing long-term fi eld experiments and establishing new ones to address current research issues.
What is the funding future for long-term fi eld experiments? Quite obviously, granting agency funding cycles of 3-to 5-yr periods will never provide reliable funding sources for long-term experiments. Recent congressional action to eliminate special grants has exacerbated the funding dilemma for long-term experiments because special grants have supported such experiments in the United States. For example, the loss of the Columbia Plateau PM10 Project (CP3) and the Solutions to Environmental and Economic Problems (STEEP) special grants in the Pacifi c Northwest severely impacted a Washington State University long-term experiment, the Jirava long-term cropping systems study near Ritzville, WA (started in 1997) and the Oregon State University Sherman Station cropping systems experiment (started in 2000). Th ese universities are now struggling to maintain these valuable sites.
What can be done to create a more sustainable funding structure for long-term fi eld experiments? An intriguing funding possibility at the federal level would be the creation of a new USDA National Institute of Food and Agriculture funding category aimed at long-term fi eld research. Th e National Science Foundation Long-Term Ecological Research program is a model for how the process might be managed (http://www.lternet. edu/about/history.html). Existing or newly planned research would compete for funding, but once selected, a site would have continuous funding with periodic reviews to ensure that the research remained pertinent and of high quality.
At the state level, land grant universities could choose to support existing or future long-term experiments by redirecting a portion of their Hatch Act funds for this purpose. Each land grant university already receives an annual allocation of Hatch Act funds based on congressional action, and they have the prerogative to use these funds to support research projects of their choice. Obviously, scientists who conduct long-term fi eld research would have to bring compelling evidence to their Agricultural Experiment Station directors or college dean to convince them to do such a redirection. Th e information provided here is a tool that can be used to strengthen their argument.
